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Abstract

Power Flow Finite Element Analysis (PFFEA) has been under development at Defence
Research Establishment Atlantic (DREA) in support of the Ship Noise Project. PFFEA is an
analysis method for predicting high frequency structural acoustic and vibration response. The
method is based on a vibrational conductivity approach in which the flow of vibrational energy
is modelled in a similar fashion to heat conduction with convective losses. This report discusses
experiments performed with DREA's ship tank test model to assist in the validation of the
PFFEA software for high frequency structural vibrations. The experiments involved excitation
of the steel box structure at relatively high frequencies using an electromagnetic shaker driving
either the centre plate of the test model or one of three typical plate intersections (a symmetric
and unsymmetric T-plate junction and an L-plate junction) making up the structure. Both
the input mobility to and the response of the test model were measured under broadband
excitation using an accelerometer. The input mobilities predicted by the PFFEA code compared
extremely well with the experimental measurements. While the power flow method is unable
to accurately predict modal response (in this case frequencies up to about 3 kHz), the model
accurately predicted the average behaviour for all four cases. When looking at the response
of the ship tank panels, in general, the PFFEA program was able to predict the amplitude of
the transfer mobility with some degree of accuracy. However, there were significant variations
in amplitude with frequency in the measured data which were not modelled with the PFFEA
code. As a result, the PFFEA program should primarily be used when predictions are required
over a band of frequencies rather than in support of a harmonic analysis.
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Resume'

Le Centre de recherches pour la d6fense (Atlantique) - ORDA - m~ne pre'sentement des
travaux. sur l'analyse de la chaine cin6matique par la m~thode des 6l6ments finis (ACCEF)
dans, le cadre du projet sur la signature sonore des navires. L'ACCEF sert it pre'voir la r~ponse
vibratoire et acoustique haute fre'quence des structures. Cette m6thode s'articule sur le concept
de la conductivit6 vibratoire; la chaine cin~matique de l'6nergie vibratoire est mod~lis~e de
fagon similaire h la conduction thermique avec pertes par convection. Le rapport traite des
experiences r~alis6es avec le mode'e d'essai en bassin du CRDA dans le but de valider le logiciel
ACCEF pour les vibrations structurales haute fr~quence. On a soumis une structure 'a caisson
d'acier & des vibrations relativement e'leve'es 'a l'aide d'un vibrateur eflectromagntique raccord6
soit h la plaque centrale de la structure, soit 'a 1'une des trois intersections de plaques types
de celle-ci (joints en T sym~triques et asym~triques et joints en L). La mobilit6 d'entre'e et
la r~ponse de la structure ont 6t6 mesur~es sur toute la plage des fr~quences d'excitation h
l'aide d'un acce'lerom~tre. Les mobilit~s d'entr~e 6tablies avec le code ACCEF se sont tr~s bien
compar~es aux mesures prises sur la structure. Mime si la m~thode de l'analyse par la chaine
cin~matique ne peut r~v6ler avec pr6cision la r~ponse modale (dans le cas present, les fr6quences
allant jusqu'h environ 3 kHz), il a e't possible de pre'voir avec precision le comportement moyen
dans les quatre situations experimentales. Pour ce qui est de la re'ponse des parois de r~servoir
des navires, on constate que 1'ACCEF permet, en general, de pre'voir l'amplitude de la mobilite,
de transfert avec un certain degre' de precision. Cependant, on a relev6 des 6carts importants
d'amplitude des fr~quences dans les donne'es mesur~es qui n'avaient pas W mod~lis6s avec: le
code ACCEF. En conclusion, le logiciel ACCEF est avantageux lorsque les pr~visions demand~es
doivent couvrir une vaste plage de fr6quences, mais l'est momns pour supporter une analyse des
harmoniques.



DREA TM/98/227

High Frequency Response of a Stiffened Box Structure

by

L. E. Gilroy and M.J. Smith

Executive Summary

Introduction

Power Flow Finite Element Analysis (PFFEA) has been under development in the Struc-
tural Acoustics and Strength group of the Defence Research Establishment Atlantic (DREA)
in support of the Ship Noise Project in which the objective is to provide DND with the ex-
pertise and tools necessary to solve current noise problems on CF vessels and to permit future
reductions in their underwater acoustic signatures. PFFEA (also known as the Power Flow Fi-
nite Element Method, PFFEM) is an analysis method for predicting high frequency structural
acoustic and vibration response. The method is based on a vibrational conductivity approach
in which the flow of vibrational energy is modelled in a similar fashion to heat conduction with
convective losses.

The PFFEM is not a mature technology and the bulk of the work at DREA has been fo-
cussed on the development of the methodology with initial work being directed towards the
prediction of vibrational energy flow in beam and plate networks. As the method is devel-
opmental, relatively little work has been done to date to validate the computer codes against
actual structural experiments. In light of this, DREA decided to perform a series of exper-
iments involving test structures used previously in low frequency structurally radiated noise
experiments. This technical memorandum discusses experiments performed with DREA's ship
tank test model to assist in the validation of the PFFEA software for high frequency structural
vibrations.

Principal Results

Four sets of trials were performed with the electromagnetic shaker in one of four positions.
These included the centre of the thin plate at the bottom of the centre tank, the intersection
of one of the internal walls with the centre plate at the midpoint in the transverse direction
(an unsymmetric T-plate junction), the intersection of three plates of the same thickness (a
symmetric T-plate junction), and the outside edge of the test model at the midpoint in the
transverse direction (an L-plate junction). The shaker was excited over the frequency range
from 0 to 8 kHz.

Input mobility measurements were taken for each drive point and, for each shaker location,
the transfer mobility for each of the 37 panels in the model was recorded over the 8 kHz
frequency band. The input mobilities predicted by the PFFEA code compared extremely well
(in a frequency-averaged sense) with the experimental measurements. While the power flow
method is unable to accurately predict the response in frequency regions of low modal density (in
this case frequencies up to about 3 kHz), the model accurately predicted the average behaviour
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for all four cases. When looking at the response of the ship tank panels, in general, the PFFEA
program was able to predict the amplitude of the transfer mobility with some degree of accuracy.
However, there were significant variations in amplitude with frequency in the measured data
which were not modelled with the PFFEA code. As a result, the PFFEA program should
primarily be used when predictions are required over a band of frequencies rather than in
support of a harmonic analysis.

Significance of Results

The PFFEA program was able to accurately predict the average input mobility to the
system for a structure that is a good approximation of structures commonly encountered on
naval platforms. Using the predicted inputs, the program was able to give a reasonably accurate
description of the amplitude of the response throughout the structure over relatively wide
frequency bands.

Future Plans

Future validations for the code would benefit from measuring the response over a particular
band rather than the narrow band measurements used here. Further investigations should also
be performed into validating the performance of accelerometers and force transducers and the
various mounting techniques to widen the frequency band which could be considered. To date,
the PFFEA code has only been validated against laboratory scale measurements and has not
been used to predict either in-air or underwater radiated noise. Further tests of the DREA
ring-stiffened cylinder (with an internal deck added) are planned to examine in-air radiated
noise (and possibly underwater radiated noise) and the DREA Acoustic Calibration Barge will
be used as a test bed to validate the program for fluid-loaded plates.
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1 Introduction

Power Flow Finite Element Analysis (PFFEA) has been under development in the Structural
Acoustics and Strength group of the Defence Research Establishment Atlantic (DREA) in sup-
port of the Ship Noise Project in which the objective is to provide DND with the expertise and
tools necessary to solve current noise problems on CF vessels and to permit future reductions in
their underwater acoustic signatures. PFFEA (also known as the Power Flow Finite Element
Method, PFFEM) is an analysis method for predicting high frequency structural acoustic and
vibration response. The method is based on a vibrational conductivity approach in which the
flow of vibrational energy is modelled in a similar fashion to heat conduction with convective
losses.

The PFFEM is not a mature technology and the bulk of the work at DREA has been focussed
on the development of the methodology with initial work being directed towards the prediction
of vibrational energy flow in beam and plate networks [1, 2, 3, 4, 5, 6]. Recent work includes the
development of methods for predicting the vibratory response in fluid-loaded structures and the
resulting radiated noise. As the method is developmental, relatively little work has been done to
date to validate the computer codes produced against actual structural experiments, although
a pilot study involving the examination of a simulated semi-infinite beam [7] and experimental
measurements using a ring-stiffened cylinder [8] have been carried out. In light of this, DREA
decided to perform a series of experiments involving test structures used previously in low
frequency radiated noise experiments. These include DREA's 3m ring-stiffened cylinder [9, 10]
mentioned above, the ship tank test model, and the Acoustic Calibration Barge [11].

This technical memorandum discusses experiments performed with the ship tank test model
to assist in the validation of the PFFEA software for high frequency structural vibrations. The
memorandum will discuss briefly the background to the PFFEA method and then describe the
experimental procedure and equipment used. Comparisons will be made between the measured
response of the test model and the predicted response based on the PFFEM.

2 Background

Power flow finite element analysis (PFFEA) is a new and potentially powerful method for
vibroacoustic analysis of structures. It uses a vibrational conductivity modelling of struc-
tural components in which the flow of vibratory energy is treated in a way analogous to the
steady state flow of thermal energy. This comes about by applying time-averaged and local
space-averaged expressions for energy density and power flow for a unit volume of a structural
component. This results in a second-order conductivity equation governing the distribution of
vibrational energy. The basic equations for PFFEA are obtained by spatial discretization of
the differential equation. Energy in each vibration type (e.g. flexural, torsional, etc.) can be
modelled separately with PFFEA, with coupling occurring at junctions of components.

The real advantage to PFFEA comes from the time and space averaging, which ensures that
the predicted vibration energy distributions will be smoothly varying across a structural com-
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ponent. This makes the method highly suitable for random or broadband excitation, in which
local variations in the vibratory response tend to be smeared out. Such response profiles cannot
be computed with coarse FE meshes (or meshes fine enough to give good stress distributions),
making PFFEA much more efficient than FE analysis for higher frequency vibrations. A further
advantage comes from its capability as a design tool. PFFEA not only predicts the vibrational
energy distribution, but also maps out the flow of vibrational energy in the structure. With
conductivity modelling, only the irreversible (i.e. non-reactive) power flow is mapped, enabling
the visualization of dominant transmission paths. This may be a valuable aid in the design of
a structural system, and may also lend insight to an appropriate vibration control strategy.

PFFEA is in a sense an interdisciplinary method. It utilizes many of the physical concepts
already accepted in the realm of structural acoustics, while applying the equation solving power
of the finite element method. PFFEA also enjoys some important advantages over the stan-
dard method in vibroacoustics: statistical energy analysis (SEA). This method treats entire
structural components much like an element of volume in PFFEA. Only a single response value
for each energy type can be computed for a component, as opposed to the spatial variation
and inclusion of all wave types generated by PFFEA. Moreover, SEA modelling can be very
cumbersome in complex systems, as individual coupling elements must be supplied at every
interface. Because PFFEA is FE based, the vibroacoustic model can be based directly on the
geometry of an existing FE model. Also, the PFFEA equations are in the same form as for
linear static FE analysis and can therefore be solved with standard analysis routines. Unlike
SEA, PFFEA has the capability for modelling nonuniform distributions of damping material.
This is important in modelling layers of viscoelastic material applied to structural members, a
common technique for passive vibration control.

The development of PFFEA has progressed to a stage at which relatively complex structural
models can now be evaluated. The PFFEA system consists of a PFFEA translator program
which converts an FE model to a PFFE model and the field equation solver VASTF [12] which
performs the PFFEA analysis. The system has been tested on a variety of structural models
including frames, stiffened and unstiffened plates, and cylinders. Recent efforts have been
directed toward the modelling of input power to arbitrary junctions of components. PFFEA
can now be applied to most structural configurations involving nearly all types of one- and
two-dimensional elements.

3 Experimental Procedures

3.1 Equipment

The ship tank test model is 1.83m long, 1.22m wide, and 0.61m deep. It comprises an outer box
with an internal tank-like structure equal in depth to the main box. All vertical surfaces are
stiffened horizontally with 6.4mm x 50.8mm flat bar stiffeners at their top edges and midheight.
The box is constructed entirely of 6.4mm mild steel with the exception of the bottom of the
centre tank which is a 3.2mm mild steel plate. The test model is of welded construction and has
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Figure 1: Ship Tank Test Model

been heat-treated in an attempt to remove any residual stresses. A photograph of the ship tank
model on its test frame is shown in Figure 1. The frame was constructed to minimize contact
with the test model and thus, minimize opportunities for vibration to be conducted via multiple
paths. The frame is constructed of lumber and the test model is very close to point-supported
at each of the four corners. Using welded studs, multiple 19mam x 19mm mounting blocks were
attached to the test model at various locations to facilitate the mounting of accelerometers and
force tranducers.

A B&K Model 4809 electromechanical shaker was used to provide the loading on the test
model. Four sets of trials were performed with the shaker in one of four positions. A schematic
of the test setup with the shaker in the first position is shown in Figure 2. The four shaker
positions are shown in Figure 3 as seen from above. The shaker was always placed so that
it was driving the test model from below in the vertical direction. The first location was at
the centre of the thin plate at the bottom of the centre tank. The second location was at the
intersection of one of the internal walls with the centre plate at the midpoint in the transverse
direction. This formed an unsymmetric T-plate junction as the centre plate is thinner than the
others. The third location was at an intersection of three plates of the same thickness forming
a symmetric T-plate junction. The final location was at the outside edge of the test model at
the midpoint in the transverse direction forming an L-plate junction.

3.. ...



A stinger was connected from the shaker to a Kistler Model 9712A500 force transducer
mounted on a block on the test model. The test model response was measured using B&K Model
4333 accelerometers attached to B&K Model 2635 charge amplifiers. The response was viewed
using an HP35670A Signal Analyzer which was also used to provide the excitation voltage
to the shaker. A 50% burst chirp signal (broad frequency content) was used with a uniform
window and RMS averaging (50 averages). The frequency response of the accelerometer signal
(measuring velocity) with respect to the input force was recorded using appropriate calibration
units (resulting in units of dB re 1 m/sN).

Test Model

Accelerometer

Force Transducer

Centre Frame
Shaker
Poshtion

Figure 2: Schematic of Test Setup (section along long axis of box)

3.2 Measurements

The test model was placed on the wooden frame in the Heavy Engine Lab at DREA. The
shaker was installed so that it rested on a 25mm layer of viscoelastic damping material on the
floor of the lab and the stinger was attached to the force transducer located on the mounting
block attached to the test model. The shaker was excited with the burst chirp signal covering
frequencies from 0 Hz to 8 kHz. Narrow band input mobility measurements were taken for each
drive point. Interim testing determined that a single point measurement gave a reasonable
approximation to the transfer mobility of a whole panel over this frequency range (where a
panel was defined as a section of plate bounded by the flat bar stiffeners). This approximation
would not be valid if the frequency band of interest was dominated by only modal response.
For each shaker location, the narrow band transfer mobility for each panel in the model (there
are 37 in total) was recorded over the 8 kHz frequency band. The numbering used to identify
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the panels is shown in Figure 4.

Test Model

I
4 42 X1 1

x - Shaker Positions

Figure 3: Shaker Locations (viewed from above)

Initial measurements of both the input and transfer mobilities showed large deviations from
predicted levels at frequencies approaching 12 kHz. Upon further examination using very light
PCB Model 353B18 accelerometers, it became apparent that the combination of the heavier
B&K accelerometer and mounting block was producing a very broad peak in the measured
accelerations centred around 12 kHz which was not being produced by the ship tank test
model. As it was not feasible to use the smaller accelerometers to measure the transfer mobility
(it would have been far too time-consuming to move them from point-to-point as it would have
been necessary to have had them glued on), it was decided to limit the measurements to the
indicated frequency range of 0 Hz to 8 kHz.
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Figure 4: Ship Tank Test Model Plate Numbering

6



4 Numerical Model

4.1 Input Mobility

The numerical model used to obtain the theoretical input mobility involved idealizing the ship

tank test model as either an infinite flat plate, in the case of excitation of the centre plate, or as

a semi-infinite plate junction, in the case of excitation at the second through fourth locations.

Modelling a finite system by its infinite equivalent is discussed in [13]. The idea is that when the

driving point frequency response is plotted on a log scale, it is possible to plot a curve through

the response that is equidistant from the resonant peaks and antiresonant troughs. In the limit

of high frequency, the resonances and antiresonances converge toward this mean curve. This

high frequency limit is conceptually the same as the moving the boundaries out to infinity while

keeping the frequency constant. Therefore, the mean curve is just the driving point response

of the equivalent infinite system. This holds regardless of the type of structure, provided one

is looking at the driving point response. It does not hold for transfer mobilities, which is why

it is necessary to use PFFEA to get the response at locations other than the driving point.

It was also necessary to include the masses of the mounting blocks (55 grams each) and the

measurement accelerometer (15 grams) in the impedance calculations for the input mobility for

the centre plate. These masses were also included for the remaining input mobility calculations,

but were not found to have a significant effect.

4.2 Response

The numerical model used in the PFFEM analysis is shown in Figure 5 (due to limitations

in the imaging software, the stiffeners are not shown). For this analysis, this model consists

of 53 components (37 plates and 16 beams) and 56 junctions (16 L-plate, 24 T-plate, and 16

beam-plate junctions). The material properties used are those of mild steel (Young's modulus

of 200 GPa, Poisson's ratio of 0.3, density of 7600 kg/mi3 , and a loss factor of 0.005).
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Figure 5: PFFEA Model of Ship Tank Test Model (beam stiffeners not shown)
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5 Results

Measurements were made of both the input mobility and the transfer mobilities for all panels for
each of the four test cases. The measured curves were stored to disk on the HP signal analyzer
and transferred to a spreadsheet for further analysis and comparison to predicted results.

5.1 Input Mobility

The measured and predicted input mobility for the four test cases are shown in Figures 6
through 9. As can be seen, the predicted mobility compared very well to the measured values
over the entire frequency range considered. The three cases involving intersections all show an
input mobility increasing with frequency while that for the centre plate input decreases with
frequency. The power flow method is unable to accurately predict modal response but, even
over the predominantly modal region (up to about 3 kHz in the centre plate case), the model
accurately predicted the average behaviour. The other three cases appear to show some modal
behaviour over the entire frequency range which may be a result of much increased stiffness
of the junctions. Of the four cases shown, the least accurate appears to be the symmetric
T-plate intersection. In this case, the T-section is quite short in length, so approximating it
as an infinite intersection is not as good an assumption as for the other three cases. The high
amplitude very low frequency spike seen in Figures 7 through 9 is most likely an artifact of the
analyzer and not indicative of a poor match between the predicted and measured values.

While the agreement between the predicted and measured mobilities appears to be good,
for the more complicated junctions, there is a fair amount of variability with frequency on
the narrow band plots. The measured data can be on the order of 10 dB above or below
the theoretical prediction and this indicates the theoretical result gives an average or 'best fit'
response and should not be used to make predictions at single frequencies.

9
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5.2 Transfer Mobility

The following plots show both the measured and the predicted response for a representative set
of the panels. The complete set of experimental and predicted tranfer mobility plots is located
in Appendix A. The input mobility used for the numerical model is the theoretical mobility
calculated in the previous section. Figures 10 to 15 show the panel responses for the centre
plate location of the shaker, Figures 16 to 21 show the responses for the unsymmetric T-plate
intersection location, Figures 22 to 27 show the responses for the symmetric T-plate intersection
location, and Figures 28 to 33 show the responses for the L-plate intersection location. The
transfer mobility for panel 1 for the centre plate case is the mobility measured at any point
away from the input point.

In general, the plots show that the PFFEA code predicts the transfer mobility of the ship
tank model panels with reasonable accuracy. As with the input mobility, there is a significant
decrease in the predicted transfer mobility with frequency for the centre plate case. Unlike the
input mobility, for the plate junction cases, there is very little variation with frequency for the
predicted transfer mobilities. For these cases, in general, the response varies by little more than
5 dB over all panels and frequencies and, for both T-plate junctions, the predicted response
increases with frequency for some panels and decreases for others. For all cases but the L-plate
junction, the response of the centre plate (panel 1) is 5 to 10 dB higher than the other panels
due to the decreased thickness of this plate (3.2mm versus 6.4mm).

The measured mobilities show significant variations in amplitude with frequency which are
not predicted by the numerical model; however, the numerical model does provide a reasonably
close match to the average response (with respect to frequency). Although some plate responses
were predicted better than others, there is no obvious pattern which would indicate which plate
responses will be well predicted. As was indicated in the discussion of the input mobility, the
average level appears to be reasonable, but the code should not be used for making predictions
at particular frequencies. In all cases, predictions should be limited to a band of frequencies,
such as a 1/3-octave band.
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Figure 18: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 7
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17



-4l0

Measured

~60 .- o Theory

E

m -80

0
2 -100

-120Al i......"
0 1 2 3 4 5 6 7 8

Frequency (kHz)

Figure 20: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 19

-40

Measured
-. Theory

cn-60-

E

m -8

*0

100

-1201. .
0 1 2 3 4 5 6 7 8

Frequency (kHz)

Figure 21: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 22
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Figure 27: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 22
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Figure 28: Transfer Mobility, L-Plate Intersection Input, Plate 1
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Figure 29: Transfer Mobility, L-Plate Intersection Input, Plate 6
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Figure 30: Transfer Mobility, L-Plate Intersection Input, Plate 7
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Figure 33: Transfer Mobility, L-Plate Intersection Input, Plate 22
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6 Conclusions

Experiments were performed with DREA's ship tank test model to assist in the validation of
the PFFEA software for high frequency structural vibrations. The test model was placed on a
wooden frame in the Heavy Engine Lab at DREA and an electromagnetic shaker was installed
so that it rested on a layer of viscoelastic damping material on the floor of the lab and the stinger
was attached to a force transducer located on a mounting block attached to the test model.
The shaker was excited with the burst chirp signal covering frequencies from 0 Hz to 8 kHz.
Four sets of trials were performed with the shaker in one of four positions. These included the
centre of the thin plate at the bottom of the centre tank, the intersection of one of the internal
walls with the centre plate at the midpoint in the transverse direction (an unsymmetric T-plate
junction), the intersection of three plates of the same thickness (a symmetric T-plate junction),
and the outside edge of the test model at the midpoint in the transverse direction (an L-plate
junction).

Input mobility measurements were taken for each drive point and, for each shaker location,
the transfer mobility for each of the 37 panels in the model was recorded over the 8 kHz
frequency band. The input mobilities predicted by the PFFEA code compared extremely well
(in a frequency-averaged sense) with the experimental measurements. While the power flow
method is unable to accurately predict the response in frequency regions of low modal density (in
this case frequencies up to about 3 kHz), the model accurately predicted the average behaviour
for all four cases. When looking at the response of the ship tank panels, in general, the PFFEA
program was able to predict the level of the transfer mobility with some degree of accuracy.
However, there were significant variations with frequency in the measured data which were not
modelled with the PFFEA code. As a result, the PFFEA program should primarily be used
when predictions are required over a band of frequencies rather than in support of a harmonic
analysis.

The PFFEA program was able to accurately predict the average input mobility to the sys-
tem for a structure that is a good approximation to structures commonly encountered on naval
platforms. Using the predicted inputs, the program was able to give a reasonably accurate de-
scription of the level of the response throughout the structure over a relatively wide frequency
band. Future validations for the code would benefit from measuring the response over a particu-
lar band rather than the narrow band measurements used here. This could be accomplished by
analyzing the existing results and converting the narrow band results to 1/3-octave bands. Fur-
ther investigations should also be performed into validating the performance of accelerometers
and force transducers and the various mounting techniques to widen the frequency band which
could be considered. To date, the PFFEA code has only been validated against laboratory
scale measurements and has not been used to predict either in-air or underwater radiated noise.
Further tests of the DREA ring-stiffened cylinder (with an internal deck added) are planned to
examine in-air radiated noise (and possibly underwater radiated noise) and the DREA Acoustic
Calibration Barge will be used as a test bed to validate the program for fluid-loaded plates.
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A Transfer Mobility

The following plots show the complete set of measured transfer mobilities for all four sets of
tests. Figures 34 to 70 show the panel responses for the centre plate location of the shaker,
Figures 71 to 107 show the responses for the unsymmetric plate intersection, Figures 108 to 144
show the responses for the symmetric plate intersection, and Figures 145 to 181 show the
responses for the L-plate intersection.
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Figure 35: Transfer Mobility, Centre Plate Input, Plate 2
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Figure 36: Transfer Mobility, Centre Plate Input, Plate 3
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Figure 37: Transfer Mobility, Centre Plate Input, Plate 4
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Figure 39: Transfer Mobility, Centre Plate Input, Plate 6

29



-40 . .

Measured
S-60 • Theory

@' -60

E

co -8 0

0

-120
0 1 2 3 4 5 6 7 8

Frequency (kHz)

Figure 40: Transfer Mobility, Centre Plate Input, Plate 7
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Figure 41: Transfer Mobility, Centre Plate Input, Plate 8
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Figure 42: Transfer Mobility, Centre Plate Input, Plate 9
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Figure 43: Transfer Mobility, Centre Plate Input, Plate 10
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Figure 44: Transfer Mobility, Centre Plate Input, Plate 11
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Figure 45: Transfer Mobility, Centre Plate Input, Plate 12
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Figure 46: Transfer Mobility, Centre Plate Input, Plate 13
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Figure 47: Transfer Mobility, Centre Plate Input, Plate 14
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Figure 48: Transfer Mobility, Centre Plate Input, Plate 15
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Figure 49: Transfer Mobility, Centre Plate Input, Plate 16
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Figure 50: Transfer Mobility, Centre Plate Input, Plate 17
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Figure 51: Transfer Mobility, Centre Plate Input, Plate 18
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Figure 52: Transfer Mobility, Centre Plate Input, Plate 19
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Figure 53: Transfer Mobility, Centre Plate Input, Plate 20
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Figure 54: Transfer Mobility, Centre Plate Input, Plate 21
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Figure 55: Transfer Mobility, Centre Plate Input, Plate 22
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Figure 56: Transfer Mobility, Centre Plate Input, Plate 23
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Figure 57: Transfer Mobility, Centre Plate Input, Plate 24
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Figure 58: Transfer Mobility, Centre Plate Input, Plate 25
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Figure 59: Transfer Mobility, Centre Plate Input, Plate 26
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Figure 60: Transfer Mobility, Centre Plate Input, Plate 27
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Figure 61: Transfer Mobility, Centre Plate Input, Plate 28
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Figure 62: Transfer Mobility, Centre Plate Input, Plate 29
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Figure 63: Transfer Mobility, Centre Plate Input, Plate 30
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Figure 64: Transfer Mobility, Centre Plate Input, Plate 31

-40

Measured
STheory

"-60

E

m -80

*0

S-100

-120
0 1 2 3 4 5 6 7 8

Frequency (kHz)

Figure 65: Transfer Mobility, Centre Plate Input, Plate 32
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Figure 67: Transfer Mobility, Centre Plate Input, Plate 34

43



-40

Measured
. Theory"•"-60

E

co -80'

0 S-10O0

-120 .
0 1 2 3 4 5 6 7 8

Frequency (kHz)

Figure 68: Transfer Mobility, Centre Plate Input, Plate 35
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Figure 69: Transfer Mobility, Centre Plate Input, Plate 36
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Figure 71: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 1
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Figure 72: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 2
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Figure 73: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 3
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Figure 74: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 4
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-40

Measured

~6o ..- Theory

E

in0 8

0 1 2 3 4 5 6 7 8
Frequency (kHz)

Figure 76: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 6
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Figure 82: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 12
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Figure 84: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 14
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Figure 85: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 15
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Figure 86: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 16
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Figure 88: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 18
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Figure 90: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 20
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Figure 94: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 24
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Figure 95: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 25

-40 ........... . .......

Measured
-. TheoryS-60

z
E

m' -80

-120

0 1 2 3 4 5 6 7 8
Frequency (kHz)

Figure 96: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 26
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Figure 97: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 27
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Figure 98: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 28
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Figure 99: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 29
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Figure 100: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 30
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Figure 101: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 31
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Figure 102: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 32
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Figure 103: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 33
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Figure 104: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 34

62



-40 ....

Measured
-- Theory

•"-60

ECD

m -80

:..

0: -100

-120
0 1 2 3 4 5 6 7 8

Frequency (kHz)

Figure 105: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 35
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Figure 106: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 36
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Figure 107: Transfer Mobility, Unsymmetric T-Plate Intersection Input, Plate 37
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Figure 108: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 1
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Figure 109: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 2
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Figure 110: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 3
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Figure 111: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 4
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Figure 112: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 5
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Figure 113: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 6
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Figure 114: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 7
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Figure 115: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 8
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Figure 116: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 9
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Figure 117: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 10
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Figure 118: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 11

-40

Measured
S- Theory•"-60

E

m -80

-o
0 _• 100.

-120 . . . . .

0 1 2 3 4 5 6 7 8
Frequency (kHz)

Figure 119: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 12
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Figure 120: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 13
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Figure 121: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 14
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Figure 122: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 15
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Figure 123: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 16
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Figure 124: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 17
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Figure 125: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 18
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Figure 126: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 19
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Figure 127: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 20

74



-40

Measured
0 - Theory•"-60

E

-80

S-I00

-120r . . . . . .. .

0 1 2 3 4 5 6 7 8
Frequency (kHz)

Figure 128: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 21
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Figure 129: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 22
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Figure 130: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 23
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Figure 131: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 24
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Figure 132: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 25
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Figure 133: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 26
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Figure 134: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 27
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Figure 135: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 28
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Figure 136: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 29
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Figure 137: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 30
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Figure 138: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 31
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Figure 139: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 32
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Figure 140: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 33
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Figure 141: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 34
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Figure 142: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 35
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Figure 143: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 36
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Figure 144: Transfer Mobility, Symmetric T-Plate Intersection Input, Plate 37
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Figure 145: Transfer Mobility, L-Plate Intersection Input, Plate 1
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Figure 146: Transfer Mobility, L-Plate Intersection Input, Plate 2
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Figure 147: Transfer Mobility, L-Plate Intersection Input, Plate 3
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Figure 148: Transfer Mobility, L-Plate Intersection Input, Plate 4
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Figure 149: Transfer Mobility, L-Plate Intersection Input, Plate 5
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Figure 150: Transfer Mobility, L-Plate Intersection Input, Plate 6
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Figure 151: Transfer Mobility, L-Plate Intersection Input, Plate 7

"-40
Measured

STheory
" -60

E

m -80

0)

-100

-120 1 .. .. ,. . .. . . .

0 1 2 3 4 5 6 7 8
Frequency (kHz)

Figure 152: Transfer Mobility, L-Plate Intersection Input, Plate 8
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Figure 153: Transfer Mobility, L-Plate Intersection Input, Plate 9
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Figure 154: Transfer Mobility, L-Plate Intersection Input, Plate 10
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Figure 155: Transfer Mobility, L-Plate Intersection Input, Plate 11
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Figure 156: Transfer Mobility, L-Plate Intersection Input, Plate 12
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Figure 157: Transfer Mobility, L-Plate Intersection Input, Plate 13
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Figure 158: Transfer Mobility, L-Plate Intersection Input, Plate 14
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Figure 159: Transfer Mobility, L-Plate Intersection Input, Plate 15
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Figure 160: Transfer Mobility, L-Plate Intersection Input, Plate 16

91



-40 ....

Measured
. .Theory-60 -6z

E

-80

o-100

-120
0 1 2 3 4 5 6 7 8

Frequency (kHz)

Figure 161: Transfer Mobility, L-Plate Intersection Input, Plate 17
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Figure 162: Transfer Mobility, L-Plate Intersection Input, Plate 18
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Figure 163: Transfer Mobility, L-Plate Intersection Input, Plate 19
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Figure 164: Transfer Mobility, L-Plate Intersection Input, Plate 20
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Figure 165: Transfer Mobility, L-Plate Intersection Input, Plate 21
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Figure 166: Transfer Mobility, L-Plate Intersection Input, Plate 22
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Figure 167: Transfer Mobility, L-Plate Intersection Input, Plate 23
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Figure 168: Transfer Mobility, L-Plate Intersection Input, Plate 24
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Figure 169: Transfer Mobility, L-Plate Intersection Input, Plate 25
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Figure 170: Transfer Mobility, L-Plate Intersection Input, Plate 26
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Figure 171: Transfer Mobility, L-Plate Intersection Input, Plate 27

-40..................

Measured
.oTheory

Z -60
E
a)

0 1 2 3 4 5 6 7 8
Frequency (kHz)

Figure 172: Transfer Mobility, L-Plate Intersection Input, Plate 28
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Figure 173: Transfer Mobility, L-Plate Intersection Input, Plate 29
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Figure 174: Transfer Mobility, L-Plate Intersection Input, Plate 30
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Figure 175: Transfer Mobility, L-Plate Intersection Input, Plate 31
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Figure 176: Transfer Mobility, L-Plate Intersection Input, Plate 32
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Figure 177: Transfer Mobility, L-Plate Intersection Input, Plate 33
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Figure 178: Transfer Mobility, L-Plate Intersection Input, Plate 34
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Figure 179: Transfer Mobility, L-Plate Intersection Input, Plate 35
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Figure 180: Transfer Mobility, L-Plate Intersection Input, Plate 36
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Figure 181: Transfer Mobility, L-Plate Intersection Input, Plate 37
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